Quantum oscillations in iron-doped single crystals of the topological insulator S b2 T e3
I. INTRODUCTION
Topological insulators (TIs) are materials with a symmetry-protected nontrivial electronic structure which can yield an insulating bulk with conducting boundaries. The emergent Dirac surface states are attractive for electronic applications and potentially host a range of fascinating phenomena including the quantum spin Hall effect, the topological magnetoelectric effect, magnetic monopole images, and Majorana fermions [1] [2] [3] [4] . In three-dimensional (3D) topological insulators such as the (Bi, Sb) 2 Te 3 family, the surface electronic structure is entangled with the bulk electronic structure and, consequently, both aspects need to be understood at the fundamental level. Currently, there are a number of unresolved questions concerning the effect of transition-metal doping in the (Bi, Sb)Te 3 family and this is related to one of the most fascinating transport properties in the TIs, namely, the quantum anomalous Hall effect (QAHE). Shortly after it was predicted [5] , the QAHE was experimentally realized in Cr-doped (Bi, Sb) 2 Te 3 [6] thin films. The Hall resistance reaches the predicted quantized value of h/e 2 , accompanied by a considerable drop in the longitudinal resistance [6] , which would significantly reduce the power consumption in electronic devices. However, the onset temperature remains low, and it is widely believed that in-gap features are introduced by the transition-metal dopant that are detrimental to performance. Therefore, magnetic doped TIs, e.g., V-, Cr-and Mn-doped Sb 2 Te 3 [7] [8] [9] [10] ; Fe-and Mn-doped Bi 2 Te 3 [11, 12] ; and Cr-and Mn-doped Bi 2 Se 3 [13, 14] single crystals and thin films, are being * Corresponding author: xiaolin@uow.edu.au increasingly studied to determine the optimal set of dopants, magnetic order, and transport properties. In this paper, we report the electronic effects of doping Sb 2 Te 3 single crystals with iron studied with magnetotransport experiments and complementary ab initio calculations. Sb 2 Te 3 has a tetradymite crystal structure, which belongs to the R3m space group, with quintuple (Te-Sb-Te-Sb-Te) layers piled up along the c axis via the van der Waals interaction. As the ionic radius of the Sb 3+ is very similar to a number of transition metals [R(Sb 3+ ) = 0.76 Å] [15] it reasonable to expect efficient transition-metal doping in this family in contrast to Bi 2 Te 3 where a larger mismatch occurs. Another potential advantage of Sb 2 Te 3 is that the chemistry ratio of Sb:Te can be controlled by the growth process. By increasing Te pressure, the typical Te vacancies in single-crystal Sb 2 Te 3 can be reduced, which, remarkably, also depletes the bulk conduction channels, thus reducing the carrier density. In tandem, this increases the carrier mobility, e.g., mobilities as high as 25 000 cm 2 V -1 s -1 have been attained, which are the highest for any of the existing topological materials [16] . We note that a past density functional theory (DFT) study on the transition-metal doped 3D TIs predicts that the Fe dopant is unique among the potential transition-metal dopants because it is predicted to contribute to the density of states and result in multiple electron or hole pockets at the Fermi level in Fe-doped Sb 2 Te 3 [17] . This would be very interesting as the Fe doping is likely to have multiple effects by (1) introducing a ferromagnetic or paramagnetic state, (2) tuning both the types and the density of the charge carrier, and (3) modifying the nontrivial transport state due to the intrinsic strong spin-orbit coupling in the Sb 2 Te 3 . However, to the best of our knowledge, there is an absence of experimental study for the Fe-doped Sb 2 Te 3 system. This motivated us to investigate the Fe-doping effect on the electronic structure of Sb 2 Te 3 by performing quantum transport measurements.
II. METHODS

A. Experimental
High-quality Sb 2 Te 3 and Fe 0.04 Sb 1.96 Te 3 (FST) single crystals were grown by the melting and slow-cooling method. Briefly, high-purity stoichiometric amounts (∼12 g) of Fe (3N), Sb (4N), and Te (5N) powders, with an atom ratio of 0.04:1.96:3, were sealed in a quartz tube as starting materials. The crystal growth was carried out in a vertical furnace using the following temperature procedures: (i) heating the mixed powders to completely melt at 900
• C, (ii) cooling rapidly (60 K/h) to slightly above the melting point, and (iii) slowly cooling (2 K/h) down to room temperature to crystallize the sample. After growth, single-crystal flakes with a typical size of 5 × 5 × 0.2 mm 3 could be easily exfoliated mechanically from the ingot. Naturally, single crystals prefer to cleave along the [001] direction, resulting in the normal direction of these flakes being (001), as shown in the inset photograph of Figs The electronic transport properties were measured by the standard four-probe method using a physical property measurement system (PPMS-14T, Quantum Design). Ohmic contacts were prepared on a fresh cleavage c plane using room-temperature cured silver paste. The electric current is parallel to the hexagonal ab plane while the magnetic field is orientated along the c axis. Angle dependent magnetoresistance (MR) was also measured using a standard horizontal rotational rig mounted on the PPMS.
B. Theoretical
DFT calculations were carried out using the plane-wave code, Vienna Ab-initio Simulation Package (VASP) version 5.44 [18, 19] . The Generalized-gradient approximation using the Perdew-Burke-Ernzerhof exchange-correlation functional was employed, together with the spin-orbit interaction and Hubbard correction for the Fe d levels. The Hubbard terms were taken as U = 3 eV and J = 0.28 to be consistent with recent work [17] , although investigations were performed for a range of values and found to yield similar results. Both pure Sb 2 Te 3 and Sb 2−x Fe x Te 3 were simulated with identical levels of precision. For the Sb 2−x Fe x Te 3 , a 2 ×2 × 1 supercell was constructed containing a single Fe atom within a total of 60 atoms. There was an energy cutoff and electronic convergence of 300 and 1.0 × 10 -5 eV respectively. Forces were converged within 0.02 eV/A. Dispersion corrections were included via the Grimme D3 method to account for van der Waals interactions [20] . A k-point mesh equivalent to a 16 × 16 × 2 mesh in the hexagonal unit cell was adopted. For visualizing the Fermi surface, a grid of spacing 0.1 Å -1 was constructed corresponding to 20 × 20 × 4 in the unit cell, and values were interpolated between these points.
III. RESULTS AND DISCUSSION
Since the bonding between Sb and Te is relatively weak, it can lead to defects (e.g., Te vacancies) in the crystals, and this results in a metallic base state in Sb 2 Te 3 [21] . This situation also occurs in our crystals. As shown in Fig. 1(a) , the resistivities of both samples monotonically decrease with the cooling from 300 to 3 K. At 3 K, the resistivity of FST is about 80 µ cm, presenting a metallic state. Also, the residual resistance ratio [RRR = R(300 K)/R(3 K)] is about 10 to FST, and is near 6 to Sb 2 Te 3 in our case. The inset of Fig. 1 shows the MR, defined by [R(H ) − R(0)]/R(0), of FST single crystal with magnetic field perpendicular to the current. Moreover, oscillation patterns could be found in the MR curve, attributed to the Shubnikov-de Haas (SdH) effect. The aforementioned x-ray-diffraction results, as well as the magnetotransport properties, demonstrate the good quality of as-grown single crystals.
To further understand the SdH effect in Sb 2 Te 3 and Fedoped single crystals, we conducted a series of MR measurements at different temperatures shown in Figs. 2(a) and 2(b). In the pure Sb 2 Te 3 crystals, the MR curves first increase with external magnetic fields but more or less saturate above 8 T. The Fe-doped samples behave significantly differently, resulting in linearlike unsaturated MR curves within the measured temperature range. The SdH oscillation amplitudes ( ρ = ρ-ρ ) are obtained by subtracting a smooth nonoscillatory background ρ from the oscillating total resistivity (ρ). These are plotted against the inverse magnetic field in Figs. 2(e) and 2(f). The oscillation amplitude displays complex periodic behaviors and decreases with increasing temperature. It is noteworthy that the oscillation amplitude of Sb 2 Te 3 is one order of magnitude larger than in FST, which is taken to imply that there are additional defects induced by the doping process that contribute to charge-carrier scattering. In Figs Fig. 1(d) , which agrees well with the band-structure calculation [4] and also the previous SdH experiments on p-type Sb 2 Te 3 [22] . Note that the peak value decreases as the temperature increases. In the present paper, multiple oscillation peaks with frequencies at about 62 and 150 T can be detected, representing the multiple large pockets at the Fermi surface shown in Fig. 1(d) , which agrees with the DFT calculations, as discussed in a later section.
The oscillations frequency F is related to the cross section of the Fermi surface A, by the Onsager relation F = (h/2π e) A; here, h is Plank's constant and e is the elementary charge. Therefore, the cross section of Sb 2 Te 3 is 0.48 nm -2 , while in FST more than one cross section can be detected with an area of 0.62 and 1.44 nm -2 , respectively. According to Lifshitz-Kosevich (LK) theory [23] , M os ∝ R T R D sin( [24] , to obtain the effective masses 0.23 and 0.37 m e , respectively. The extrapolated Landau-level index ν at the extreme field limit, e.g., 1/B → 0, is related to Berry's phase, which indicates a phase shift regarding the conventional Landau quantization in materials. The intercept ν = 0 corresponds to a normal metal, while ν = 0.5 comes from the massless relativistic fermions in a magnetic field. As shown in Fig. S1 of the Supplemental Material [24] , the intercepts of Sb 2 Te 3 and FST single crystal are −0.5 and −0.3 (0.7), respectively, indicating that the quantum oscillations might be contributed Table I . The angle dependence of quantum oscillations at different tilt angles (θ ) provides information about the shape, size, and dimensionality of the Fermi surface. Figure 3 shows the MR at different θ values. In the MR plot displayed in Fig. 3(a) , the maximum resistivity value decreases in the rotation process and reaches the minimum value at 60 deg. Interestingly, the MR value at 90 deg, which means the external magnetic field is parallel to the current, is larger than that at 60 deg and comparable with the magnitude of 45 deg. During the rotation towards 90 deg, the oscillation component gradually weakens. After carefully subtracting the background, the oscillation pattern can be found at all positions, which are plotted as a function of H in Fig. 3(b) and 1/B in Fig. 3(c) . Obviously, the positions of maxima and minima change systematically with the tilt angle. Figure 3(c) shows the fast Fourier transform (FFT) of the quantum oscillations at various angles, showing the multifrequency nature of FST single crystal at all angles. In Fig. 3(c) , it is possible to observe that the frequency F in the rotating process decreases monotonically until 45 deg, then increases. Since F is proportional to the cross section of the Fermi-surface area A, we conclude that A is not constant for different magnetic field orientations, which means the Fermi surface is not spherical but ellipsoid or some other two-dimensional-like shape. We, therefore, fit the frequencies as a function of rotating angle in the form of F (θ ) = F (45)/cos(θ -45), which at least indicates that those Fermi pockets are highly angle dependent. It is noted that the bulk valence band of Sb 2 Te 3 is confirmed to consist of ellipsoidal valleys which are tilted by 45 deg from the c axis [8] . Therefore, the oscillations may originate from the bulk state, due to the defects during single-crystal growth as well as the Fe doping. Together with the previous DFT calculation [6] , we deduce that the Fermi-surface structure is close to the sketch in the inset of Fig. 1(d) . Moreover, the Landau-level index diagrams of oscillations from 0 to 30 deg are plotted in Fig. S3 of the Supplemental Material [24] . Due to the multifrequency nature of those oscillations, we chose one of the main patterns to determine the intercept. Interestingly, all of those intercepts are around −0.3 to −0.5, and are almost unchanging during the rotation process.
It is well known that the defects in Sb 2 Te 3 contribute to the hole carriers, leading to a p-type semimetal. We here introduce Hall measurements to further verify this feature in our as-grown curves are plotted from 3 to 300 K. One can easily identify that the linearlike increasing curves, which correspond to a p-type conductor, are contributed by hole carriers. Though past DFT calculations indicate that Fe doping may introduce electron carriers into Sb 2 Te 3 [17] , the curves are more likely corresponding to a single-hole carrier model, rather than a multicarrier model. At 3 K, the Hall coefficients of Sb 2 Te 3 and FST are 0.065 and 0.075 cm 3 C -1 , respectively. Together with the conductivity measured before, we can obtain the Hall mobility as 2167 cm 2 /V s in Sb 2 Te 3 and 990 cm 2 /V s in FST. Fe doping slightly reduces the carrier density and mobility of Sb 2 Te 3 , while increasing the defect density. One possible reason is that Fe introduces electron carriers and might reduce the hole carriers contributed in Sb 2 Te 3 . The carrier's density does not change much in the heating process, which might be due to the carriers' origin from synthesis defects and not intrinsic carriers, which evolve significantly with temperature.
Let us focus on the carrier density and mobility: the Fe dopant slightly reduces the carrier density, and significantly reduces the carrier mobility at 3 K. We attribute the doping effect on carriers to two general aspects: (1) Fe shifts the Fermi level towards the valence band, and thus increases the Fermi pocket area, and (2) Fe introduces electron carriers, which might equally reduce the contribution of hole carriers in Hall measurements. Meanwhile, Fe dopant also introduces more defects in the crystal lattice, which may be one of the main factors that reduce the carrier's mobility in FST single crystal. Moreover, Fe dopant changes the Fermi-surface morphology to a great extent: (1) more than two Fermi pockets appear in FST, compared to the single pocket in Sb 2 Te 3 , and (2) the angle dependence measurements illustrate that those pockets possess highly angle dependent shape. The relative complexity of the Fermi surface offers an extra free degree of Fermi-surface tuning, e.g., via thickness or gating. To clarify the topology of the Fermi-surface features detected in the SdH oscillations, density functional theory calculations were performed. Figure 5 summarizes the DFT calculations comparing pure Sb 2 Te 3 with Sb 2−x Fe x Te 3 . The undistorted crystal structure of Sb 2 Te 3 is shown in Fig. 5(a) . The corresponding Fermi surface is shown in Fig. 5(b) , where p-type doping has been modeled by shifting the Fermi surface to E = -0.1 eV. The Fermi surface viewed along the k z projection consists of six ellipsoidal valence bands derived from the hole bands along sixfold symmetric -M lines. This agrees with past work which proposed a six ellipsoid valence-band model of Sb 2 Te 3 [25] [26] [27] . At moderate doping corresponding to E F = -0.1 eV, the maximum cross-sectional area of these light-hole ellipsoids is 0.405 nm -2 in reasonable agreement with experimental signature in the SdH oscillations (0.48 nm -2 ). Heavier p-type doping results in a further six heavy-hole pockets becoming populated. The offset between the valence-band maxima (VBM) is very sensitive to strain and external pressure in Sb 2 Te 3 [28, 29] .
The Fe dopant introduces a local crystallographic distortion in the Sb 2 Te 3 cell that is reflected in the band structure. 
IV. CONCLUSIONS
With Fe doping, the Sb 2 Te 3 single crystal still possesses a metallic state with a large MR in the low-temperature region. Compared with Sb 2 Te 3 , FST shows more complexity in its Fermi-surface morphology, which manifests as multifrequency oscillation patterns in MR measurements. In the angle dependent measurement, the oscillation frequencies shift, and two of the frequencies indicate highly angle dependent behavior. We tentatively assign these two features to the twovalence band minima, one of which is intrinsic to Sb 2 Te 3 and one of which is introduced by chemical strain associated with the Fe dopant. Further, we find that both samples are hole-carrier dominated, and Fe doping reduces the carrier's density and mobility. These results show that the hybridization of transition-metal defect bands with the intrinsic Sb 2 Te 3 bands is a crucial consideration if such materials are to be incorporated into future electronic devices.
